Neuronal restricted precursors (NRPs) can generate multiple neurotransmitter phenotypes during maturation in culture. Undifferentiated E-NCAM ϩ (embryonic neural cell adhesion molecule) immunoreactive NRPs are mitotically active and electrically immature, and they express only a subset of neuronal markers. Fully mature cells are postmitotic, process-bearing cells that are neurofilament-M and synaptophysin immunoreactive, and they synthesize and respond to different subsets of neurotransmitter molecules. Mature neurons that synthesize and respond to glycine, glutamate, GABA, dopamine, and acetylcholine can be identified by immunocytochemistry, RT-PCR, and calcium imaging in mass cultures. Individual NRPs also generate heterogeneous progeny as assessed by neurotransmitter response and synthesis, demonstrating the multipotent nature of the precursor cells.
Initially homogeneous neuroepithelial (N EP) stem cells of the embryonic spinal cord are patterned in vivo to generate mature neurons, oligodendrocytes, and astrocytes in a characteristic spatial and temporal profile (Hamburger, 1948; Hirano and Goldman, 1988; Nornes and Das, 1974; Phelps et al., 1988) . N EP cell differentiation, both in vitro and in vivo, likely involves a process of restriction in developmental potential (for review, see McKay, 1997; Stemple and Mahanthappa, 1997) . In vitro, pluripotent N EP cells generate restricted precursor cells, termed neuronal restricted precursors (N RPs) , and glial restricted precursors (GRPs) , which subsequently develop into f ully differentiated neuron and glial cells, respectively. Similar cells are present in vivo Rao and Mayer-Proschel, 1997) . In vivo neurogenesis precedes and overlaps differentiation of oligodendrocytes and astrocytes (Abney et al., 1981; Frederiksen and McKay, 1988; Hirano and Goldman, 1988; Miller et al., 1985) , and is modulated by multiple environmental signals.
Immature neuronal cells undergo additional changes to develop into f unctional neurons that differ in morphology, receptor profile, and neurotransmitter synthesizing abilities (Phelps et al., 1988 (Phelps et al., , 1990 Ray and Gage, 1994; Richards et al., 1995) . These properties are thought to be acquired in a sequential manner during the course of development. Likewise, electrical properties seem to be acquired sequentially (Desarmenien et al., 1993; Walton et al., 1993) . For example, functional sodium channels appear before either GABA or glutamate receptors, and spinal neurons therefore show spontaneous electrical activity before any response to GABA or glutamate. Furthermore, the initial GABA responses are depolarizing, and thus they differ from adult inhibitory responses; reversal occurs postnatally (Ben-Ari et al., 1989; Zhang et al., 1990) . The acquisition of electrical properties has not been correlated with morphological markers of maturation or the ability to synthesize neurotransmitters.
The acquisition of mature neuronal properties is likely modulated by environmental signals (Cattaneo and McKay, 1990; Echelard et al., 1993; Roelink et al., 1994; Liem et al., 1995 Liem et al., , 1997 Muhr et al., 1997; Williams et al., 1997) . Two molecules that modulate early neuronal differentiation are bone morphogenetic protein (BMP) and sonic hedgehog (Shh). Shh, a protein secreted by the notochord and floor plate, regulates the induction of motoneurons and some classes of ventral interneurons (Yamada et al., 1993; Roelink et al., 1994) . BMP proteins are present dorsally and appear to mediate the generation of dorsal phenotypes (Liem et al., 1995 (Liem et al., , 1997 Mujtaba et al., 1998) . The specific effects of Shh and BMP on isolated neural cells at different developmental stages, and the mechanisms by which they act (proliferation, survival, or differentiation), remain to be determined.
Here we have examined the acquisition of phenotypic properties of NRP cells by comparing immunological and physiological properties of cultured immature neuronal precursors and the mature neurons that differentiate from them. We show that individual NRP cells can differentiate into multiple types of neurons and that differentiation occurs via a characteristic pattern of development. In addition, we show that differentiation is modulated by Shh and BM P.
MATERIALS AND METHODS

Substrate preparation
Fibronectin (Sigma, St. L ouis, MO) was diluted to a concentration of 20 g /ml in Tissue Culture H 2 0 (Sigma). Fibronectin solution was applied to tissue culture dishes for a minimum of 4 hr. Laminin (Biomedical Technologies, Stoughton, M A), used at a concentration of 20 g /ml, was dissolved in Dulbecco's PBS (DPBS) (Life Technologies/ BRL, Gaithersburg, MD). To prepare fibronectin -laminin double-coated dishes, laminin (20 g /ml) was applied to fibronectin-coated dishes, and plates were incubated overnight. E xcess laminin was withdrawn, and the plates were rinsed with N EP medium before cells were plated.
Immunopanning of E-NCAM ϩ cells
Sprague Dawley rat embryos were removed at embryonic day 13.5 (E13.5) and placed in a Petri dish containing DPBS (Life Technologies/ BRL). Spinal cords were mechanically dissected from the surrounding connective tissue with sharpened No. 5 forceps. Isolated spinal cords were incubated in 0.05% trypsin solution for 30 min. The trypsin solution was replaced with N EP medium. The segments were gently triturated with a Pasteur pipette to dissociate cells. E-NCAM ϩ cells were purified from dissociated cells using a specific antibody-capture assay (Wysocki and Sato, 1978) with minor modifications. In brief, the dissociated cells in suspension were plated on an NCAM antibody (5A5, Developmental Studies Hybridoma Bank)-coated dish to allow binding of all E-NCAM ϩ cells to the plate. NCAM antibody-coated dishes were prepared by sequentially coating tissue culture dishes with an unlabeled anti-mouse IgM antibody (10 g /ml) overnight, rinsing dishes with DPBS, followed by coating with 5A5 hybridoma supernatant for 1-3 hr at room temperature. C ells were allowed to bind to the plate for 1 hr at room temperature. Unbound cells were removed, and the plate was rinsed eight times with DPBS. Bound cells were mechanically scraped off and plated on fibronectin -laminin-coated dishes in 1 ml of N EP medium in either mass (5000 cells/dish) or clonal culture (100 cells/dish). Growth factors were added every other day. In all cases, an aliquot of cells was analyzed the next day to determine the efficiency of the immunopanning. In general, Ͼ90% of the bound cells expressed detectable NCAM immunoreactivity. C ell populations that did not were repanned or discarded.
NRP cell cultures
Immunopanned E-NCAM ϩ cells were plated in culture dishes (Corning, Corning, N Y) coated with fibronectin -laminin at a dilution of 5000 cells/dish. C ells were maintained at 37°C in 5% C0 2 /95% air. The basal medium (N EP medium) used in all experiments was a chemically defined medium as described previously . The medium consisted of DM EM-F12 (Life Technologies/ BRL) supplemented with additives described by Bottenstein and Sato (1979) and basic fibroblast growth factor (bFGF) (20 ng /ml).
Clonal cultures of NRP cells
Immunopanned cells were plated in culture dishes (Corning) coated with fibronectin -laminin at a dilution of 100 cells/dish. Approximately 10 -20% of single cells died within 24 hr. The remaining single cells were allowed to proliferate until large enough to assay (between 7 and 10 d). C lones were isolated using glass cloning rings. Greased rings were placed around a selected, well isolated clone, and cells were dissociated from the substrate using trypsin-EDTA. Dissociated cells were aspirated, and the trypsin-EDTA was neutralized with excess medium. For RT-PCR analysis, clonal cells were then centrif uged and harvested for RNA isolation. For calcium imaging experiments, clones were replated on poly-lysine/ laminin-coated glass coverslips. C ells were imaged 24 -48 hr after replating to ensure that they had recovered from the replating process. For immunocytochemistry, cells were replated on poly-lysine/ laminin-coated dishes and allowed to settle and extend processes before being analyzed. In all cases, clones were grown in N EP medium as described above [also see Kalyani et al. (1997) ], supplemented with neurotrophin-3 (10 ng /ml).
Differentiation of NRP cells and Shh and BMP treatment
Neuronal differentiation of cultured N RP cells was induced by plating on poly-lysine/ laminin-coated dishes (poly-lysine at 20 g /ml in DPBS; Sigma), and reducing FGF concentration with the addition of R A (1 M). In some experiments, neuronal differentiation was induced by the addition of BM P-2 or BM P-4 at 10 ng /ml. The effects of Shh and BM P were assessed by supplementing N EP medium with Shh at doses of 1-100 ng /ml, or BM P-2 or BM P-4 at 10 ng /ml. To assess the effect of Shh on mitosis, we withdrew FGF from cultures, rinsed them with FGF-free -GCA CAT AC T CAG ACG AAG CCA-3Ј  5Ј-AGC AGC CAA GAT GGA GCA ATA GAC-3Ј  ChAT  377  5Ј-C TG AAT AC T GGC TGA ATG ACA TG-3Ј  5Ј-AAA TTA ATG ACA ACA TCC AAG AC-3Ј  Isl-1  350  5Ј-GCA GCA TAG GC TTCA GCA AG-3Ј  5Ј-GTA GCA GGT CCG CAA GGT G-3Ј  GAD 65  327  5Ј-GAA TC T TTT C TC C TG GTG GTG-3Ј  5Ј-GAT CAA AAG CCC CGT ACA CAG-3Ј  Calbindin28  276  5Ј-GCA GAA TCC CAC C TG CAG-3Ј  5Ј-GTT GC T GGC ATC GAA AGA G-3Ј  Glutaminase  560  5Ј-GCA CAG ACA TGG TTG GGA TAC TAG-3Ј  5Ј-GCA GGG C TG TTC TGG AGT CG-3Ј  Smoothened  467  5Ј-GGA CAG ACA ACC CCA AGA GC -3Ј  5Ј-CCG AGA GAG GC T GGT AAG TGG-3Ј  Patched  1297  5Ј-CAA TGG C TA CCC C TT CC T GTT C TG-3Ј  5Ј-CGG CC T C TC C TC ACA TTC CAC -3Ј  glyRa2  330  5Ј-CAG AGT TCA GGT TCC AGG G-3Ј  5Ј-TCC ACA AAC TTC TTC TTG ATA G-3Ј  GABA A -R  589  5Ј-TGG AC(TC) CC(AT) GA(TC) AC(AC T)TT(TC) TT-3Ј  5Ј-GC(AGTC) AT(GA) AAC CA(GA)TCC ATG GC-3Ј  Cyclophilin  302  5Ј-CCA CCG TGT TC T TCG ACA TC -3Ј  5Ј-GGT CCA GCA TTT GCC ATG G-3Ј medium, and added Shh (100 ng /ml) in the presence of the survival agent N T-3. This was required, because quantif ying an increase in mitosis in the presence of saturating concentrations of FGF was technically difficult. For all other experiments, the effects of Shh with or without FGF were identical. BM P-2, -4, and -7 were obtained from Genetics Institute (C ambridge, M A), and Shh (N-terminal form) was obtained from Ontogeny Inc.
Gene detection by RT-PCR
R NA isolation. Total RNA was isolated from cells or whole tissues by a modification of the guanidine isothiocyanate-phenol-chloroform extraction method (Trizol, Life Technologies/ BRL). cDNA synthesis. cDNA was synthesized using 1-5 g of total RNA in a 20 l reaction. Superscript II (Life Technologies/ BRL), a modified Maloney murine leukemia virus reverse transcriptase, and oligo-dT 12-18 primers were used, and the Life Technologies/ BRL protocol was followed.
PCR . Aliquots of cDNA, equivalent to one-twentieth of the above reaction, were used in a 50 l reaction volume. PCR amplification was performed using EL ongase polymerase (Life Technologies/ BRL). Primer sequences used for PCR amplification are shown in Table 1 . In general, the reactions were run for 35 cycles, unless stated otherwise, and a 10 min incubation at 72°was added at the end to ensure complete extension. In the case of GABA receptors, co-amplification of GABA A Rsubunits was performed using degenerate primers for the ␣-subfamily (subunits 1-6) (Berger et al., 1998) . The PCR products were purified using the Advantage PCR-Pure K it (C lontech, Palo Alto, CA) and sequenced to confirm their identities. All PCR results reported were reproduced reliably using cDNA collected from five to seven independent experiments unless stated otherwise.
Quantification of ptc relative levels. The same amount of cDNA was used in PCR reactions using primers for c yclophilin and ptc. PCR with cyclophilin primers was performed for 23 cycles, and PCR with ptc primers was preformed for 35 cycles; amplification was within the linear range. The ratio of c yclophilin to ptc within a sample was determined by scintillation radiometry (ImageQuant, Molecular Dynamics, Sunny vale, CA). This ratio was then compared across samples within each experiment, and the SEM was determined.
Immunoc ytochemistr y
Staining procedures were as described previously (Rao and MayerProschel, 1997) . Staining for the cell surface markers p75 and E-NCAM was performed in cultures of living cells. To stain cells with antibodies against internal antigens, cultures were fixed with 2-4% formaldehyde for 30 min at room temperature. In general, dishes were incubated with the primary antibody for 1 hr followed by incubation with an appropriate secondary antibody for 1 additional hr. The peroxidase reaction for HRP-conjugated secondaries was performed as described previously (Rao et al., 1992) . Double-labeling experiments were performed by simultaneously incubating cells in appropriate combinations of primary antibodies followed by noncross-reactive secondary antibodies. Diamino-bisbenzimide (DAPI) (Signal) histochemistry was performed as described previously . DAPI staining was generally performed after all other antibody staining had been completed.
p75, E-NCAM, and nestin monoclonal antibodies (Lendahl et al., 1990; Dahlstrand et al., 1995) were hybridoma supernatants obtained from the Developmental Studies Hybridoma Bank (DSHB). ␤-III tubulin antibody, which stains neurons, was obtained from Sigma. An anti-nestin polyclonal antibody used in some double-labeling experiments was the kind gift of Dr. Keith C auley (Signal Pharmaceuticals). Antibodies to choline acetyltransferase (ChAT), tyrosine hydroxylase (TH), and glutamic acid decarboxylase (GAD) were obtained from Chemicon (Temecula, CA) and used at dilutions recommended in the enclosed protocols. Antibodies to glutamate and glycine were obtained from Signature Immunologicals and used according to manufacturer's recommendations. 5-Bromodeoxyuridine (BRDU, Sigma) was used to determine the number of dividing cells. Mouse and rat monoclonal anti-BRDU antibodies were obtained from Boehringer Mannheim (Indianapolis, I N). All secondary monoclonal antibodies were purchased from either Jackson ImmunoResearch (West Grove, PA) or Southern Biotechnology (Birmingham, AL).
Neutralizing antibody experiments
E-NCAM
ϩ -immunopanned cells were plated on fibronectin -laminincoated dishes in basal medium supplemented with N T-3. Four hours after plating, cells were treated with Shh (100 ng /ml), neutralizing anti-Shh hybridoma supplement (50 l /ml), or control (anti-A2B5) hybridoma supernatant. C ells were grown in combinations of Shh and antibody as described in Results for a period of 48 hr. Cultures were pulsed with BRDU in the last 3 hr of culture, fixed, and processed for BRDU incorporation and DAPI histochemistry as previously described. BRDU-incorporating cells were counted in five randomly chosen fields, and the number of dividing cells was expressed as a percentage of the DAPI-labeled nuclei in the same fields. All experiments were performed in duplicate, and the experiments were repeated at least twice. Results are presented as the mean of two experiments Ϯ SEM.
Intracellular calcium measurements
Ca 2ϩ imaging experiments were performed on both mass and clonal cultures of E-NCAM ϩ cells obtained as described above. C ells were loaded with 5 M f ura-2 AM (Grynkiewicz et al., 1985) plus pluronic F127 (80 g /ml) in rat Ringers's solution (RR) at 23°C in the dark for 20 min followed by three washes in RR and a 30 min de-esterification. Relative changes in intracellular [C a 2ϩ ] were measured from the background-corrected ratio of fluorescence intensity by excitation at 340/380 nm. Response was defined as a minimum rise of 10% of the ratioed baseline value. A Z eiss-Attofluor imaging system and software (Atto Instruments, Rockville, MD) were used to acquire and analyze the data. Data points were sampled at 1 Hz. Neurotransmitters were made in RR and delivered by bath exchange using a small volume loop injector (200 l). RR consisted of (in mM): 140 NaC l, 3 KC l, 1 MgC l 2 , 2 CaCl 2 , 10 H EPES, and 10 glucose. Ascorbic acid (500 M) was added to dopamine solutions to prevent oxidation. Control application of 500 M ascorbic acid had no effect (data not shown). The pH of all solutions was adjusted to 7.4 with NaOH. K ϩ RR (50 mM) was made by substituting equimolar K ϩ for Na ϩ in the normal RR.
RESULTS
E-NCAM ؉ cells mature in culture
We have previously identified E-NCAM ϩ -expressing cells of E13.5 neural tube as neuronal restricted precursors (MayerProschel et al., 1997) . Immunocytochemical studies have shown that virtually 100% of the E-NCAM ϩ cells dissociated at this time express the early neuronal marker microtubule-associated protein kinase-2 (MAP-2 kinase), ϳ50% express ␤III-tubulin, but only ϳ10% express the neuronal marker NF-M when cultured in nondifferentiation promoting medium that includes fibroblast growth factor (FGF) as a survival agent . After the removal of FGF and the addition of retinoic acid (RA), E13.5 E-NCAM ϩ cells exit the mitotic cycle, increase in soma size, and begin to extend extensive processes.
To determine more accurately the process of in vitro maturation, we performed several experiments that were repeated between six and nine times with similar and reproducible results. The proportion of dividing cells was compared in acutely dissociated and differentiated cells using BRDU incorporation. Approximately 70% of acutely dissociated cells incorporate BRDU ( Fig. 1 A) , whereas after 10 d in culture (in differentiationpromoting medium), few or no cells incorporate BRDU and therefore had stopped dividing (Fig. 1 B) . Next, we examined the acquisition of NF-M, which is not expressed by the majority (ϳ90%) of E13.5 E-NCAM ϩ NRP cells , by immunocytochemistry. Cells were double-labeled with NCAM ( Fig. 1C,D ) and NF-M (Fig. 1c,d) . Figure 1c ,d shows that very few acutely dissociated cells express NF-M, whereas nearly all differentiated cells express the protein. Similarly, synaptophysin, a protein specifically associated with synaptic vesicles and functional synapses (for review, see Sudhof, 1995) , is expressed by differentiated (Fig. 1f ) but not acutely dissociated E-NCAM ϩ cells (Fig. 1e) . Although synaptophysin protein expression is associated with synaptic vesicles, early expression (as seen in Fig.  1f ) can be detected in the cell bodies and throughout the lengths of the processes where it is initially expressed during early neurogenesis (Grabs et al., 1994; Fujita et al., 1996) . Corresponding nuclear DAPI staining is shown in Figure 1E ,F to demonstrate the location of the cell bodies. These results suggest that if NRP cells are induced to differentiate by RA and the removal of mitogen, they acquire many morphological and immunological properties of mature neurons.
Cultured E-NCAM
؉ cells can synthesize and respond to multiple neurotransmitters
We have shown previously that NRP cells can differentiate into postmitotic neurons but not into oligodendrocytes or astrocytes . To determine whether NRPs can differentiate into all of the major neuronal phenotypes present in the spinal cord, or whether they are more limited in their differentiation potential, we examined the expression of neurotransmitter synthesizing enzymes and cell type-specific markers for mature neurons after inducing NRPs to differentiate.
E-NCAM ϩ cells from E13.5 rat neural tube were isolated by immunopanning and cultured in differentiation-promoting medium (see Materials and Methods). After 10 d in culture, we analyzed the synthesis of the neurotransmitters acetylcholine (ACh), GABA, and glutamate (as assessed by the expression of their synthesizing enzymes) using RT-PCR (Table 1 ). In addition, we examined the expression of p75 (Yan and Johnson, 1988) and Islet-1 (Isl-1) (Tsuchida et al., 1994) , which are characteristic of motoneurons in the spinal cord, and calbindin, which is often co-expressed with GABA (Batini, 1990). As shown in Figure 2 , Panel 1, all of these were present in differentiated cells (labeled D in Panel 1). In contrast, none of these markers of neurotransmitter phenotypes could be detected from cells that were examined within 24 hr of isolation (termed "acutely dissociated"; labeled AD in Panel 1), although we could readily detect the housekeeping gene cyclophilin from both cell populations (as shown in Panel 1). Thus, our data show that neuron-restricted precursor cells mature in culture and that NCAM expression and neuronal fate determination precede neurotransmitter synthesis.
We also examined the expression of neurotransmitters or their synthesizing enzymes by immunocytochemistry to determine whether all cells or only subsets of differentiated cells express these markers. Cells were grown in culture for 10 d and allowed to differentiate and then were fixed and processed by immunocytochemistry to detect expression of ChAT (Fig. 2, Panel 2, B) , GAD ( D), TH ( F), glycine ( H), and glutamate ( J). Virtually 100% of the differentiated cells expressed detectable glutamate levels, and this percentage did not vary significantly from experiment to experiment (n ϭ 6). A smaller percentage expressed glycine and GAD. Percentages varied between experiments from 10 to 50%. The percentages of ChAT and TH ϩ cells ranged between 1 and 5% (these cells usually appeared in clumps, rather than being equally distributed throughout the population, as seen in Fig. 2, Panel 2, B,F ) . The use of nonspecific differentiationpromoting factors resulted in considerable variability in the numbers of any given phenotype generated (except glutamate) from experiment to experiment (n ϭ 6 independent experiments). However, although the exact percentages varied, heterogeneity of Figure 1 . Differentiated E-NCAM ϩ cells can be distinguished from acutely dissociated NRP cells. E-NCAM ϩ cells were isolated by immunopanning, plated in 35 mm dishes, and allowed to grow for 24 hr (acutely dissociated) or for 10 d (differentiated). Cultured cells were then analyzed for cell division, E-NCAM expression, N F-M expression, and synaptophysin expression.
In addition, acutely dissociated cells do not express synaptophysin as assessed by synaptophysin staining ( green) and DAPI (compare e and E, respectively). A subset of differentiated E-NCAM ϩ 4 cells, however, have begun to express detectable levels of synaptophysin (compare f and F, respectively; f is a magnification of the area within the white box in F ). Thus, acutely dissociated E-NCAM ϩ cells are immature, dividing cells that mature in culture. Objective magnification, 20ϫ.
phenotypes did not, and in all cases significant numbers of all phenotypes were detected. Also, because virtually 100% of the cells synthesize glutamate, it is likely that at least some cells synthesize more than one neurotransmitter. Nevertheless, these results clearly demonstrate that during differentiation, E-NCAM ϩ cells are capable of maturing into a heterogeneous population with respect to their neurotransmitter phenotype.
In contrast to the results obtained with differentiated cells, neither ChAT, GAD, TH, nor glycine could be detected in acutely dissociated cells. We did detect glutamate in a small subset of cells (Ͻ10%; data not shown) from each experiment (n ϭ 6). We were unable, however, to detect glutaminase in these cells by RT-PCR (Fig. 2, Panel 1) , which may suggest that glutamate is being taken up by these cells from the medium.
Another important characteristic of mature neurons is their ability to respond to multiple neurotransmitters by expressing appropriate neurotransmitter receptors on their surface. To examine the ability of differentiated E-NCAM ϩ cells to respond to glutamate, glycine, dopamine, and acetylcholine, we used fura-2 Ca 2ϩ imaging techniques. E13.5 E-NCAM ϩ cells were grown in culture for 10 d and allowed to differentiate. They were then loaded with f ura-2 (see Materials and Methods), and the depolarizing response to neurotransmitter application was monitored. Figure 3A shows a bar graph of the number of cells (sum of cells from three independent experiments) responding to application of the indicated neurotransmitter on acutely dissociated and differentiated cells. In general, the number of cells responding to neurotransmitters and the amplitude of the neurotransmitterinduced C a 2ϩ responses increased in the differentiated cells. The most striking example was dopamine, where only 10% of acutely dissociated cells responded to 500 M dopamine with increases in internal C a 2ϩ compared with 76% of differentiated cells, a net increase of 66%. Similar but less striking changes in the number of cells responding were seen for other excitatory neurotransmitters (Fig. 3A) . The exceptions to this trend were the Ca 2ϩ responses to GABA and glycine. Interestingly, 47% of the acutely dissociated cells responded to GABA compared with only 8% of the differentiated cells. Similarly, Ca 2ϩ flux in response to glycine decreased from 20% in the acutely dissociated cells to 0% in the differentiated cells. To rule out the possibility that the cells were downregulating their receptors for these transmitters as they matured, we checked for the expression of GABA A -␣1-6 receptor subunits (Berger et al., 1998) and GlyR-␣2, the predominant embryonic glycine receptor subunit expressed in neurons throughout the CNS (Heck et al., 1997) . Both of these were readily detected by RT-PCR from cDNA of mature NCAM ϩ cells (data not shown). Therefore, the change in the inhibitory neurotransmitter profile probably reflects the decrease in internal Cl Ϫ concentration with maturation that accounts for the shift from depolarizing to hyperpolarizing GABA and glycine responses (Wu et al., 1992) .
Representative plots of ratioed (I 340 /I 380 ) Ca 2ϩ responses over time from an acutely dissociated and differentiated cell are shown in Figure 3 , B and C, respectively. Figure 3D shows images of the cells from which the data were taken; the cell represented in the plot is indicated by a letter in the image. The acutely dissociated cell responded to GABA and glutamate, whereas the differentiated cell from the same embryo responded to dopamine, glutamate, and acetylcholine but not to GABA or glycine. Comparison of Ca 2ϩ responses to the various transmitters in adjacent cells reveals that there is heterogeneity in the response profiles among cells, indicating that not only are the E-NCAM ϩ cells heterogeneous in their ability to synthesize neurotransmitters, they are also selective in terms of transmitter receptor expression. In addition to neurotransmitters, elevated K ϩ in RR (50 mM K ϩ RR) was applied to depolarize the cells and allow Ca 2ϩ entry through voltage-gated channels. In acutely dissociated cells, 49% responded to 50 mM K ϩ RR compared with 85% of differentiated The differences in the morphological and immunocytochemical properties as well as differences in response to neurotransmitter application are summarized. Acutely dissociated cells overall were immature and expressed few neuron-specific markers. Maturation occurred in culture, and cells grown in culture appeared similar to cells isolated from early postnatal spinal cord (see Discussion). Note that only depolarizing responses to GABA and glycine could be assessed by fura-2 Ca 2ϩ imaging. C ells listed as not responding may have had hyperpolarizing responses. cells (Fig. 3) , suggesting that more of the differentiated cells were electrically competent than were the acutely dissociated cells.
Thus, the contrast between various properties of acutely dissociated E-NCAM ϩ cells and fully differentiated E-NCAM ϩ cells, which is summarized in Table 2 , is striking. Immature cells are mitotically active, and differentiated cells are not; immature cells do not express neuronal proteins such as NF-M, synaptophysin, or neurotransmitter synthetic enzymes, whereas all of these can be detected in differentiated cells; and acutely dissociated cells are overall less responsive than differentiated cells to neurotransmitter-induced Ca 2ϩ responses.
Individual E-NCAM ؉ cells can generate multiple neurotransmitter phenotypes
Our mass culture experiments show that the E-NCAM ϩ population can generate multiple neurotransmitter phenotypes. However, there exists the possibility that individual cells are precommitted to generating specific neuronal phenotypes. To determine whether the differentiation potential of NRPs in mass culture reflected the potential of an individual NRP, we performed clonal analysis of E-NCAM ϩ cells. E-NCAM ϩ cells were immunoselected, plated at clonal density, and grown in FGF and NT-3, conditions that promote proliferation. Clones grew to sizes of several hundred cells after 7-10 d in culture, after which their differentiation was promoted by withdrawal of FGF and addition of RA in the medium.
Three different techniques were used to determine whether clones generated from individual NRP cells were composed of heterogeneous populations of neurons: RT-PCR, immunocytochemistry, and calcium imaging. Six clones were examined by RT-PCR analysis. Of these clones, 5/6 expressed multiple neurotransmitter phenotypes (Fig. 4 A) ; one clone expressed all six markers tested, 3/6 expressed four markers, and 1/6 expressed three markers. Therefore, all but one clone were composed of heterogeneous populations of cells. One clone expressed detectable levels of only p75 and Isl-1 but not ChAT. This likely represents an immature clone that we had not allowed to fully differentiate. These observations that individual clones express multiple neurotransmitter synthetic enzymes or other phenotypic markers indicates that most clones were composed of a heterogeneous population.
To confirm the PCR results and to show heterogeneity at the protein level, clones were analyzed for the presence of p75 Figure 4 B. Similarly, staining with either glutamate or glycine showed that each transmitter is expressed by only a subset of cells in the same clonal population, indicating that clones are a heterogeneous population. Figure 4C shows cells from the same clone, which was split and plated into two separate dishes. One dish was stained with glutamate, and the other dish was stained with glycine. As with the E-NCAM ϩ cells in mass culture, nearly 100% of the clonal cells were immunoreactive for glutamate, and a smaller percentage (10 -50%; n ϭ 17) was immunoreactive for glycine. These results provide further evidence that E-NCAM ϩ cells generate multiple neuronal subtypes in culture.
Heterogeneity can be demonstrated not only by the synthesis of different neurotransmitters, but also by heterogeneity in the receptors expressed by the cells. We examined response profiles of differentiated clonal cells to application of GABA, glycine, dopamine, glutamate, acetylcholine, and 50 mM K ϩ RR, as evidenced by increased intracellular calcium concentrations. Ca 2ϩ measurements were taken from as many as 113 cells from four different clones. All clones examined (four of four) displayed heterogeneity in their response profiles, which varied somewhat between individual clones (data not shown). Figure 5A shows a bar graph of the percentage of cells from all four clones that responded to each of the applied neurotransmitters.
As with the mass cultures of differentiated E-NCAM ϩ cells, high percentages of differentiated clonal cells responded to glutamate (93%), acetylcholine (96%), 50 mM K ϩ RR (70%), and dopamine (50%), whereas few cells responded to GABA (27%) and glycine (1%). Figure 5B ,C shows representative traces of the ratio (I 340 /I 380 ) of Ca 2ϩ responses from two cells recorded from one clone. Images of these cells and the heterogeneity of receptor profiles within the clonal population are shown in Figure 5D . Of the cells shown in Figure 5D , one responded to dopamine (labeled C; trace shown in Fig. 5C ), whereas a nearby cell (labeled B; trace shown in Fig. 5B ) did not, suggesting that they expressed different receptors. This heterogeneous expression of receptors also indicates the multipotential characteristic of individual NRP cells. Thus, the maturation of clonal populations of cells closely resembles the maturation of cells in mass culture.
By multiple independent methods, our clonal analysis demonstrates the multipotential characteristic of individual NRP cells. This analysis confirms our mass culture results, which clearly define the developmental potential of the NRP cell. Although committed to generating neurons, the particular phenotypes of its progeny are dictated at some later stage in their development. Thus, we have established the existence of a neuronal precursor cell that can be purified and subsequently manipulated to define the transition between lineage-restricted neuronal precursor and differentiated neuronal progeny. 
Extracellular signals influence the fate of NRP cells
Our results show that neuronal precursors can develop in vitro into mature neurons of multiple phenotypes in both mass and clonal cultures and that either application of RA or removal of FGF can promote differentiation into multiple phenotypes. In normal development, however, differentiation is spatially and temporally regulated, with motoneurons being generated ventrally and sensory neurons being generated dorsally, suggesting that specific environmental signals may bias differentiation of neuronal precursors (Ray and Gage, 1994; Richards et al., 1995) . We examined the effects of two potential regulatory molecules that are expressed in the spinal cord at the time of neurogenesis and have been shown to bias cells to either dorsal (for review, see Graff, 1997) or ventral (for review, see Fietz et al., 1994) phenotypes, BMP-2/4 and Shh, respectively.
When BMP-2 was added to cultures of E-NCAM ϩ cells, a dramatic reduction in cell division was seen. The effect of BMP-2 overrode the effect of the mitogen FGF; even in the presence of FGF, BMP-2 caused a 60% reduction in cell division (Fig. 6 K) . Identical effects were seen with BMP-4 (data not shown). BMP-2 was not a survival factor, because cells grown in BMP-2 alone did not survive. The decrease in mitosis was accompanied by the appearance of differentiated cells. Cell size increased and cells put out extensive processes (for example, see Fig. 6 F) . Cells grown in BMP-2 for 48 hr were examined for neurotransmitter expression. Glutamatergic, GABAergic, dopaminergic, and cholinergic neurons were detected (data not shown) (Fig. 6 F,I ). The number of cholinergic neurons was significantly larger than in untreated controls (5-10 vs 0 -1%) (Fig. 6, compare F,I with D,G) ; however, there appeared to be no bias toward ventral phenotypes because the promotion of all other phenotypes was also significantly larger. Thus, BMP-2 acted as an antimitotic agent and promoted differentiation of E-NCAM ϩ NRP cells but did not appear to inhibit ventral fates.
In contrast to the anti-mitotic and differentiation-promoting effect of BMP-2/4, Shh appeared to be a mitogen. The mitotic effect of Shh at 100 ng/ml (the maximal response) was threefold over controls but was less than the effect of FGF at 10 ng/ml (Fig.  6 J) . Experiments with Shh were performed in the presence of NT-3, which acts as a survival agent (for review, see Barde, 1994) , and not as a mitogen, because Shh itself did not appear to be a survival factor for E-NCAM ϩ cells; E-NCAM ϩ cells grown in Shh alone did not survive. The effect of Shh on mitosis was only apparent after 2 d of exposure and was maintained over the 5 d of the assay.
To confirm that the effect on mitosis was caused by Shh, we obtained an anti-Shh hybridoma supernatant from DSHB and tested it in explant cultures to determine the concentration required to block motoneuron generation in explant cultures. A concentration of 50 l/ml of supernatant was sufficient to completely block the generation of p75-immunoreactive motoneurons 4 B, E-NCAM ϩ clones were immunostained with p75, a marker for motoneurons (see Results) and counterstained with DAPI to identify all cells. B shows a representative clone in which a subset of cells were immunoreactive for p75, demonstrating the heterogeneity of the progeny of a single E-NCAM ϩ cell. C, A representative E-NCAM ϩ clone that was split into two different dishes. One dish was stained with glutamate and the other with glycine. Note that although the majority of progeny from a single progenitor are immunoreactive for glutamate, significantly less are immunoreactive for glycine, indicating a heterogeneous clonal population. Objective magnification, 20ϫ. Figure 4 . Individual E-NCAM ϩ cells can generate multiple neurotransmitter phenotypes. E-NCAM ϩ cells were plated at clonal density, and individual clones were followed and allowed to grow for a period of 7-10 d. Clones were then analyzed by RT-PCR ( A) or by immunocytochemistry (B, C). A, RNA was isolated from individual E-NCAM ϩ clones and assayed for the expression of GAD, calbindin, glutaminase, p75, Isl-1, and ChAT by RT-PCR. This clone expressed all of the markers tested (data not shown). The same concentration of Shh neutralizing antibody also completely blocked the effect of Shh on mitosis. In contrast, a control hybridoma supernatant had no inhibitory effect on Shh-induced mitosis (Fig. 7A) .
To demonstrate that the observed effects of Shh on mitosis were caused by signaling through the patched-smoothened receptor complex, we examined expression of patched ( ptc) and smoothened (smo) in dissociated E-NCAM ϩ cells. As can be seen in Figure 7B , both patched and smoothened were readily detected, indicating that the receptors are expressed by E-NCAM ϩ cells. Patched protein is thought to be downregulated after binding Shh, whereas ptc message is upregulated. We therefore compared the expression levels of ptc mRNA from Shh and control treated as E-NCAM ϩ cells. E-NCAM ϩ cells were grown alone, or in the presence of Shh (as described Materials and Methods) for 5 d and were harvested for RNA isolation and cDNA synthesis. Relative levels of ptc expression from each population were estimated and compared by using cyclophilin/ptc ratios (as described in Materials and Methods). Results from three independent experiments indicate that Shh significantly upregulates the message for ptc (1.48 Ϯ 0.18 SEM; control ϭ 1.00). Thus, Shh directly acts on E-NCAM ϩ cells to regulate cell proliferation via activation of the Patched signaling pathway.
Although Shh had an obvious effect on mitosis, it had no apparent effect on p75 or ChAT expression in dissociated cultures of E-NCAM ϩ cells (Fig. 6 E,F ) . No cholinergic differentiation was apparent at any dose of Shh tested, and differentiation of glutaminergic or GABAergic phenotypes was not observed (data not shown). The failure to see cholinergic neurons was not caused by an inability of the E-NCAM ϩ cells to differentiate into p75-or ChAT-positive cells, because sister cultures readily differentiated into ChAT-and p75-immunoreactive cells when treated with a differentiation agent such as BMP-2 (Fig. 6 F,I ) or RA (data not shown). Thus, E-NCAM ϩ cells in dissociated culture respond to Shh by increasing cell division and by an inhibition of differentiation, in contrast to the response observed in explant cultures (our results) (Ericson et al., 1996) .
Our results indicate that the extracellular signaling molecules Shh and BMP-2 modulate the phenotypic differentiation of E-NCAM ϩ cells. BMP-2 inhibits cell proliferation and promotes differentiation and does not inhibit the differentiation of ventral phenotypes. In contrast, Shh promotes proliferation and inhibits the differentiation of any neuronal phenotypes, including p75-and ChAT-immunoreactive neurons.
DISCUSSION
The data presented here demonstrate that individual, dividing E-NCAM ϩ NRPs have the potential to generate multiple types of mature neurons that synthesize and respond to multiple neurotransmitters, including dopamine, acetylcholine, GABA, and glycine. NRP cells progress toward maturity with changes in mitotic activity, neurotransmitter response profile, and the expression of cell-type and stage-specific markers, such as neurotransmitters or their synthetic enzymes, synaptophysin, and NF-M. Finally, we report that differentiation of NRP cells can be modulated by Shh and BMP-2. A major finding in this study is that neuronal precursor cells can generate heterogeneous progeny: clones of mature neurons that synthesize multiple neurotransmitters and differentially respond to them. More importantly, in all clones analyzed, single precursor cells generated a heterogeneous population of mature cells as assessed by immunocytochemistry and response to neurotransmitter application. The proportion of cells that responded to any single neurotransmitter varied from clone to clone, but in Figure 6 . Shh acts on E-NCAM ϩ neuroblasts to promote cell division, whereas BM P-2 acts on E-NCAM ϩ neuroblasts to promote differentiation. E-NCAM ϩ cells were isolated and grown in NEP basal medium supplemented with FGF and N T-3 (A, D, G) with the addition of Shh (100 ng /ml) (B, E, H ) or BMP-2 (10 ng/ ml) (C, F, I ). After 5 d in culture (48 hr for BM P-2), cultures were fixed, and cell division (A, B, C), p75 immunoreactivity (D, E, F ), and ChAT expression (G, H, I ) were compared. Comparison of cell division by BRDU incorporation showed that Shh promoted proliferation, whereas BM P-2 inhibited proliferation (compare A, B, and C) . In contrast to the effect of Shh on proliferation, no detectable p75-or ChAT-immunoreactive cells (E and H, respectively) were seen after Shh treatment for 5 d. In contrast, BMP-2 treatment for 48 hr allowed differentiation of large numbers of p75-and ChATimmunoreactive cells (F and I, respectively) . J and K quantif y the effect of Shh and BM P-2 on cell division. C ells were pulselabeled with BRDU for the last 24 hr in culture, and the number of BRDUincorporating cells was counted. ShhϩNT-3 caused a threefold increase in BRDU incorporation when compared with control conditions in which cells were treated with N T-3 alone. The effect of Shh was not as dramatic as that of FGF. In contrast, BM P-2 caused a reduction in BRDU incorporation, and this effect of BM P-2 overrode the mitogenic effect of FGF. Objective magnification, 20ϫ. all cases, cells that responded to either GABA, glutamate, glycine, acetylcholine, dopamine, or some combination could be identified, indicating that multiple neuronal phenotypes can arise from a single neuronal precursor. Additionally, although the NRPs were taken from the developing spinal cord, they were not limited in their potential to spinal cord cells, because we detected a significant number of dopamine-synthesizing cells that are normally not present in the spinal cord. Our clonal data also suggest that at this stage, neuronal precursors are not committed to generating only dorsal or only ventral phenotypes, because we detected cholinergic neurons as well as other neuronal phenotypes together within the same clone. Consistent with our results are results from earlier retroviral studies showing that clones in chick spinal cord can generate motoneurons as well as other neurons even relatively late in their development (Leber et al., 1990; Leber and Sanes, 1995) . Mass culture assays such as those described by Ray and Gage (1994) and Richards et al. (1995) provide additional confirmation for our observations. Taken together, these results suggest that in the spinal cord, progenitor cells have made a commitment to become neurons before becoming postmitotic and acquiring a specific neuronal phenotype.
The transition of E-NCAM ϩ cells from immature NRPs to mature, functional neurons occurs in stages, aspects of which we have identified (summarized in Table 1 ). Our results suggest that immature dividing precursors express E-NCAM and MAP-2 kinase, many express ␤-III tubulin, and only a small subset of the cells respond to excitatory neurotransmitters. These results are consistent with the expression pattern of NF and ␤-III tubulin described in the developing spinal cord (Chen and Chiu, 1992) , as well as the development of electrical activity described in mixed cultures [Walton et al., 1993 (for review, see Spitzer, 1991 ]. Of importance to note was our observation that responses to GABA and glycine by immature cells were depolarizing. Although depolarizing responses are not surprising for ACh, dopamine, and glutamate application, the depolarizing responses to GABA and glycine are different from what might be expected for transmitters that play an inhibitory role in the mature nervous system. Nevertheless, similar depolarizing responses to both GABA and glycine have been described in embryonic spinal cord cultures (Fulton et al., 1980; Takahashi, 1984; Jahr and Yoshioka, 1986;  for review see Cherubini et al., 1991) . Depolarizing responses generally undergo reversal in cultures from early postnatal animals (Ben-Ari et al., 1989) . We noted that mature differentiated E-NCAM ϩ cells did not show a depolarizing response to GABA or glycine, despite the expression of their receptors, suggesting that a similar maturation had occurred in culture. These results suggest that E-NCAM ϩ cells mature in culture and that this maturation mirrors many aspects of the maturation described for in vivo development of the spinal cord. The ability to analyze stages of normal development in purified populations of cells will allow for a more detailed dissection of the coordinate acquisition of maturation markers.
Our present results show that BMP-2 acts to promote neuronal differentiation from neuronal-restricted precursors. This effect is likely stage specific and direct (i.e., BMP-2 is not inducing the release of other factors from non-neuronal cells) because we used purified populations of NRP cells. We have shown previously that BMP-2 acts on NEP cells, the immediate precursors of NRP cells, to generate neural crest derivatives (Mujtaba et al., 1998) . Furthermore, we and other groups have shown that BMP-2 can act on glial precursors to promote astrocytic differentiation (D'Alessandro et al., 1994; Gross et al., 1996; Mabie et al., 1997; and our unpublished results) . These results illustrate the importance of examining the role of individual factors on purified cell populations at specific stages in development. The specific effect of BMP-2 on cultured cells will depend on the age of the cultured cells and on which precursor cells are present in a mixed population of cells. The specific mechanism (or mechanisms) that underlies the differential response of a precursor to BMP-2 remains to be determined.
Previous studies have shown that several members of the BMP family, including BMP-4, can promote dorsal phenotypes in explant cultures of chick spinal cord (Liem et al., 1995 (Liem et al., , 1997 . Our results show that in dissociated culture there appears to be no inhibition of ventral phenotypes or a bias toward dorsal phenotypes. Rather, BMP-2/4 appeared to nonspecifically promote differentiation. These results are consistent with dorsal notochord transplant experiments (Placzek et al., 1990; Yamada et al., 1991 Yamada et al., , 1993 , and ectopic Shh application experiments (Echelard et al., 1993; Roelink et al., 1994) in vivo showing that even in the Figure 7 . The mitotic effect of Shh can be blocked by neutralizing antibodies directed against Shh. E-NCAM ϩ cells were isolated and grown in NT-3-supplemented N EP basal medium with the addition of neutralizing anti-Shh hybridoma supernatant (50 l/ml), Shh (100 ng /ml) with a control hybridoma supernatant, or Shh (100 ng /ml) plus neutralizing anti-Shh hybridoma supernatant. C ells were grown for 48 hr and pulsed with BRDU for the last 3 hr of culture, and the number of BRDU-incorporating cells was counted. The mitotic effect of Shh on dissociated E-NCAM ϩ cells was completely blocked in the presence of the neutralizing Shh antibody. In contrast, no effect was seen with a control (anti-A 2 B 5 ) hybridoma (A, mean of 2 independent experiments). Sister plates of E-NCAM ϩ cells were grown in culture for 48 hr, harvested, and analyzed for ptc and smo expression by RT-PCR. Both ptc and smo were readily detected (B; n ϭ 2).
presence of endogenous BM P-2, ventral phenotypes are readily generated, suggesting that BM P-2 does not inhibit ventralization in vivo.
Our results analyzing the effect of Shh on E-NCAM ϩ precursor cells indicate that it acts primarily as a mitogen and does not promote cholinergic neuronal differentiation at this stage of development. The mitotic effect of Shh was not unexpected, because Shh has been shown to be a mitogen in various assays. For example, Shh has been shown to promote the proliferation of retinal precursor cells (Jensen and Wallace, 1997) and mouse sclerotome cells (Fan et al., 1995) . Similarly, application of Shh to CNS stem-like cells (Flax et al., 1997) , as well as to human lung squamous carcinoma cells (Fujita et al., 1997) , also stimulates cell proliferation. Our results suggest that, as in other regions, one function of Shh in the spinal cord may be to promote cell division. However, our failure to see motoneuron differentiation was somewhat unexpected, because motoneuron differentiation in response to Shh application has been shown in explant cultures (Echelard et al., 1993; Roelink et al., 1994) . Absence of motoneuron differentiation is not caused by an absence of the receptor, because both patched and smoothened are expressed by these cells. It also appears unlikely that an insufficient concentration of Shh was used, because even doses as high as 500 ng /ml did not show any motoneuron differentiation (see Results) (our unpublished observations). Much lower doses of Shh than the 100 ng/ml used here will readily promote generation of Islet-1/ChATimmunoreactive motoneurons in explant cultures over the same time period (Echelard et al., 1993; Roelink et al., 1994) . The absence of cholinergic differentiation in our cultures cannot be attributed to the time period of the assay, because we did not see any appreciable motoneuron differentiation even after prolonged exposure to Shh. Furthermore, E-NCAM ϩ cells readily differentiated into motoneurons 48 hr after exposure to R A or BMP-2, indicating that the failure to see motoneuron differentiation is likely attributable to the mitogenic effect of Shh.
Previous studies suggest possible explanations for our results. Two periods of Shh signaling have been shown to be required for motoneuron specification (Ericson et al., 1996) : an early period, during which Shh may convert N EP cells into ventralized precursors, and a late period, during which Shh may drive the differentiation of ventralized progenitors into motoneurons. We may be seeing the effect of only the early period of Shh application. Alternatively, it has recently been shown that vitronectin is required for motoneuron generation in the presence of Shh, but that vitronectin is not required for the patterning effects of Shh (Martinez-Morales et al., 1997) . Perhaps sufficient vitronectin is not present in our relatively low-density cultures. Further experiments will be necessary to clarif y our finding that Shh did not promote motoneuron differentiation in dissociated cultures. Nevertheless, our results clearly show that Shh acts at the stage of neuronal precursors to regulate their proliferation, and that E-NCAM ϩ cultures may provide a ready assay to dissect out the role of Shh in regulating motoneuron differentiation.
In summary, we have shown that E-NCAM immunoreactivity identifies a self-renewing, N RP cell that can generate multiple neuronal phenotypes, revealing that lineage commitment to the neuronal cell type precedes its specific phenotypic commitment. In addition, this cell is amenable to perturbation by extracellular factors, allowing the processes of lineage restriction and neuronal differentiation to be characterized in detail.
